All known methods for solid-phase synthesis of molecular arrays exploit positioning techniques to deposit monomers on a substrate preferably high densely. in this paper, stochastic patterning of molecule spots (250 000 spots monomers/cm 2 ) via random allocation of the microbeads on a microstructured glass is presented. the size and shape of the microbeads and the microcavities are selected in such a way so that only one microbead can fit into the respective microcavity. Each microbead can be loaded with a certain type of molecule e.g. amino acids and is brought in the microcavities stochastically. Applying solvent vapor and heating the substrate, the molecules are released from the microbeads and coupled to the functionalized substrate. To differentiate between the microbeads carrying different molecules, quantum dot labels are preliminary introduced into the microbeads. fluorescence imaging and subsequent data analysis enable decoding of the molecule deposition patterns. After the coupling step is completed, the microbeads are mechanically removed from the microwells. the composition of the monomer microbeads, their deposition and the conditions of the monomer extraction are studied. the stochastic monomer patterning may be used to design novel molecular arrays.
All techniques for solid-phase synthesis of molecular arrays are limited in terms of number of spots and require advanced positioning devices which tend to be more expensive the higher the spot densities are to be achieved. The reason for this is that generation of custom monomer sequences in individual spots requires prior information on where specific monomers have to be delivered for coupling to the substrate. Such a patterning of monomers can be achieved, for instance, by the lithographic masks 1,2 , digital micromirror devices 3 , laser scanning technique 4, 5 , electrical fields of a computer chip 6 or material printers 7 .
The only exception from these molecular arrays is oligonucleotide arrays, which can be generated by patterning of oligonucleotides stochastically. An example of such arrays is the bead arrays of Illumina 8, 9 . First, oligonucleotides were synthesized on microbeads. Then, the microbeads loaded with molecules were stochastically deposited on a microstructured surface in array format for decoding 10 . These three principles, namely, stochastic deposition without predefined addressing of molecules, enrichment of these molecules in spots and the optical detection of monomers have determined the triumphal march of the oligonucleotide technique in the last decade, especially in the case of next-generation sequencers.
In this paper, we describe particles loaded with molecules such as amino acids that may enable the realization of these three principles for in situ synthesis of high-density molecular arrays. Therefore, we focus on assembly of microparticles on the micro-structured surfaces (stochastic deposition), on the extraction of amino acids from these particles (amplification in spots) and on deriving the allocation of the monomers using quantum dot (QD) labels of the particles (optical detection). The polymer solid particles with embedded amino acids were reported for synthesis of peptide arrays via laser printer 11 . As these particles were produced via milling processes, they possessed a relatively broad size distribution and unregular form. In contrast, the proposed stochastic deposition is based on the use of the monodisperse microparticles.
The assembly of microparticles on micro and nanostructures was intensively studied for biochip devices and sensors [12] [13] [14] [15] [16] . In these applications, microarrays using color-encoded beads were sucessfuly demostrated 17, 18 . According to our knowledge, we first demonstrate the assembly of particles that can deliver monomers for solid phase synthesis in microstructures in high-density array format. Figure 1 illustrates the functionalities of the particles proposed in this study 19 . The patterning of the particles occurs on a microstructured glass surface. The microcavities have a cylindrical form. The glass surface is functionalized with free amino groups which can react with the activated carboxyl groups of molecules, for example amino acids, forming peptide bonds.
The size and shape of the microbeads and the microwells are selected in such a way so that only one microbead can fit into the respective microwell. Such a geometric constraint does not allow more than one type of molecules to be present in each microwell during the coupling step. As a result, the array spots are expected to contain predominantly individual kinds of the molecule after their stochastic patterning is completed.
The generation of the molecular patterns takes place in a single step by mechanically applying a mixture of different microbeads into the microwells of the microstructured substrate. Since the deposition of the microbeads is performed in a stochastic process, it is not known in advance which type of microbeads will be located in each microwell. To differentiate between the microbeads carrying different monomers, specific fluorescent labels are preliminary introduced into the microbeads. Fluorescence imaging and subsequent data analysis enable decoding of the monomer deposition patterns.
Under certain conditions, the molecules are released from the microbeads to enable their diffusion to the functional layer and further coupling to the terminal free amino groups. After the coupling step is completed, the excess of molecules and the process by-products are washed away, whereas the microbeads are mechanically removed from the microwells.
Results and Discussion
particle design. The microbeads developed within the framework of the present work are based on the solid-carrier architecture. Special polymer-based microspheres were used as microcarriers of the amino acid derivatives and QDs. The cross-linked poly(methyl methacrylate) (PMMA) microspheres were selected as solid carriers of the amino acid derivatives and QDs. They were manufactured by emulsification polymerization and cross-linking with 3% divinylbenzene according to the internal protocols of the company. The microspheres had a mean diameter of 10 μm with an extremely narrow size distribution. The coefficient of variation (CV) was declared to be less than 5% (Fig. 2) .
The commercially available amino acid derivative Fluorenylmethoxycarbonyl-glycine pentafluorophenyl ester (Fmoc-Gly-OPfp), were used as monomer. Hydrophobic ZnCdSeS alloyed QDs were used as fluorescent markers for labeling the microbeads. The core of the QDs was coated with hydrophobic organic molecules, which get them readily suspended in non-polar organic solvents. The quantum dots with the emission maximum at 470 nm, 490 nm, 500 nm, 520 nm, 530 nm, 550 nm, 560 nm, 570 nm, 580 nm, 590 nm, and 610 nm were tested. The declared accuracy of the maximum emission wavelength was +/−5 nm. The full width at half maximum (FWHM) of the QD emission spectra was 35 nm.
The process of microbead manufacturing is carried out in two stages. In the first stage, the solid carriers were labeled with individual QD combinations. For this purpose, the solutions of QDs in chloroform (2.5 mg/mL) were sequentially added in equal volumes to the dispersion with PMMA microspheres. To derive the optimum content of the QD labels per 1 g of solid carriers, the total volume of the QD solutions varied in the range between 50 μL and 150 μL. The mixture of the microspheres and QDs in dichloromethane (DCM) was stirred in the closed vial for another 30 min to reach the homogeneous state. While stirring, the hydrophobic QDs were distributed in the continuous phase with the relative permittivity close to that of pure DCM (εr = 8.9). On the next step, the vial was opened to initiate evaporation of DCM (TB = 40 °C). During stirring, 30 mL of acetone (εr = 20.7) were added dropwise to the dispersion from a burette. The feeding rate of acetone was adjusted in such a way so that the volume of the dispersion was kept constant and equal to approximately 11 mL. The intention was to change gradually the composition of the continuous phase since the evaporation rate of acetone (T B = 56 °C) is smaller than the evaporation rate of DCM. As the content of acetone increased, the polarity of the continuous phase increased as well. The hypothesis was that the gradual increase of the polarity of the continuous phase induced precipitation of the hydrophobic QDs onto the microspheres that remain swollen in acetone. In the next step, 30 mL of ethanol (ε r = 24.5) were added dropwise to the dispersion from the burette. The feeding rate was adjusted so that the volume of the dispersion remained constant. Due to the fact the evaporation rate of ethanol (T B = 78 °C) is smaller than that of acetone and DCM, its content in the continuous phase had to increase over time. It induced a gradual contraction of the cross-linked PMMA microspheres, resulting in immobilization of the QDs within the outer polymer layer. As the stirring process was terminated, the microspheres sedimented from the continuous phase. The supernatant was carefully removed with a pipette, followed by washing of the microspheres with ethanol and acetone to eliminate excessive QDs. Finally, the microspheres were dried to remove the solvent residues.
On the second stage, the amino acid derivatives were introduced into the polymer matrix of the labeled solid carriers. A sample of amino acid derivatives was initially dissolved in 10 mL of DCM. The mass of the amino acid derivatives was varied in the range between 10 mg and 50 mg with the aim to define the optimum monomer content in microbeads. The amino acid solution was added to 1 g of QD labeled microspheres. The resulting dispersion was gently stirred until a paste-like medium was obtained due to gradual evaporation of the solvent from the open vessel. The paste dried up slowly over 2 hours. The resulting dry mass of microbeads was milled in a falcon tube with several metal spheres (Ø = 5 mm) on a vortex shaker.
Three assumptions were made in favor of the method's viability. First, the microbeads swelled in DCM within a relatively short time. Second, the QDs embedded into the microspheres in a previous stage remained inside the cross-linked polymer without being extracted. Third, the amino acid derivatives gradually precipitated from the saturated solution into the swelled microbeads, while the solvent underwent evaporation.
Despite the fact the microbeads were subjected to the mechanical impact and rubbing against the surface of the substrate, they kept the embedded amino acid residues and did not produce any contaminations over the surface. In contrast to this, the sample with 8% (w/w) of Fmoc-Gly-OPfp and 6% (w/w) of N,N-Diphenylformamide (DPF) was characterized by numerous impurities of the amino acid derivatives in form of scratch-like lines and non-circular spots with the size of several micrometers.
As soon as the total mass fraction of the embedded components exceeds 8% (w/w), the microbeads tend to contaminate the surface with the residues of amino acid derivatives. We assume that these impurities originate from the excessive amino acids and DPF crystallized on the surface of the microbeads during their manufacturing due to the fact the outer thin layer of the cross-linked PMMA matrix is already occupied by these substances.
Similar experiments were performed for the remaining 19 types of proteinogenic amino acids, whereas only the content of the monomers was varied in mass fraction of 2% (w/w), 3% (w/w), 4% (w/w), 6% (w/w) and 8% (w/w). The mass fraction of the monomers in these microbeads are listed in Supplementary Table S1 . To be mechanically stable, the cross-linked PMMA solid carriers could accommodate the amino acids in mass fractions 3%(w/w) and below. Thus, the mechanical stability appeared to be depended on the availability of functional side change groups.The results of this experiment demonstrate the dilemma of microbead deposition: A low mechanical impact leads to insufficient filling rates or high contamination of the top surface with excessive microbeads, whereas great mechanical forces damage the microbeads making them not applicable for the stochastic peptide microarray manufacturing. www.nature.com/scientificreports www.nature.com/scientificreports/ particle deposition and removal from the microstructures. The full-size microstructured substrates were made of fused silica using photolithography and Reactive-ion etching (RIE) and had dimensions of a standard microscopic slide. The microstructures with the diameter of 11 μm, 12 μm and 13 μm and the depth of 9 μm and 10 μm were compared in terms of their filling rates after depositing the microspheres with the diameter of 10 μm.
The deposition of the microbeads was performed in two steps. First, the dry mixture of the microbeads was spread over the surface of the microstructured substrate ( Fig. 3a) with a soft lint-free tissue. Although the microstructures were completely filled with the microbeads, the top surface of the substrate still contained a monolayer of excessive microbeads (Fig. 3b ). This excess was removed in the second step with the flow of compressed air applied tangentially to the surface of the substrate. The air flow totally removed the excessive microbeads from the top surface, whereas the microwells remained filled (Fig. 3c ).
The filling rate of various microstructures strongly depended on the microcavity geometry. It was derived from the analysis of the acquired optical images and is shown in Supplementary Table S2 . A filling rate of 98.4% was observed at optimum parameters.
Another factor, which had to be taken into account when deciding on the optimal parameters of the microstructures, was the microbead removal rate. Removal of the microbeads from the microwells was performed in several steps by placing the substrate in a liquid medium and exposing it to acoustic waves in an ultrasonic bath. In the first step, the substrate was placed into the falcon tube filled with a mixture of 5% (v/v) N-methylethylamine (MEA) and acetone and sonicated for 2 min. MEA was used as a passivation additive to avoid contamination of the microwells with a mixture of non-coupled amino acids derivatives. In the next step, the substrate was sonicated. The microbead removal rate was analyzed by optical microscopy and scanning with the fluorescence scanner using neutral-density filters.
The close geometric matching of the non-soluble polymer microspheres to the microwells resulted in extremely low rates of their removal. If the size of the microsphere matched the diameter of the microwell, it was almost impossible to remove this microsphere without deforming or destroying it. Although the cross-linked PMMA microspheres had a mean size of 10 μm, the coefficient of variation of their diameter was declared to be 5%. It implies that roughly 1% of the microspheres had a diameter ranging from 10.9 μm to 11.0 μm (assuming normal size distribution) that could potentially block thousands of microwells with the diameter of 11 μm in each step of microbead deposition.
Taking into account the results obtained in a series of experiments, the decision was made to continue the experimental work with the full-size microstructured substrates (75 mm × 25 mm × 1 mm) having the pitch size of 20 μm, the microwell diameter of 12 μm and the depth of 9 μm (filling rate 90.2%).
Assembly of the microbeads in the microwells of the microstructured substrate is one of the fundamental principles of the stochastic peptide microarray manufacturing. Microbead deposition into the microwells of the substrate was prone to various errors. The most frequent cases of deposition errors are illustrated in Supplementary  Fig. S1 . Unfilled microwells lead to the termination of molecule array synthesis due to the absence of monomers in a certain step of peptide chain elongation. It results in a reduction of the number of fully-synthesized oligomers. In case of the microbeads left on the top surface of the substrate, the major adverse effect is the contamination of the neighboring microwells by arbitrary amino acid derivatives extracted from the residual microbeads. It locally Decoding of amino acid positions via QD-labelled microbeads. The size of the microbeads imposes a restriction on the spatial resolution of the digital images acquired by the optical system. To enable an accurate calculation of the photometric data for each microbead, the image resolution has to be at least 2 μm/pixel. Image acquisition was performed with a confocal fluorescence scanner InnoScan 1100 AL (Innopsys). The scanner was equipped with three excitation laser sources (488 nm (blue channel), 532 nm (green channel), and 635 nm (red channel)). The scanner had the optical resolution of 0.5 μm/pixel and used a real-time autofocus system. A grid with predefined parameters corresponding to the layout of the microstructured substrate was applied to the image and automatically adjusted to match the microwell pattern. Each spot of the substrate underwent automatic segmentation and was analyzed in each fluorescence channel to derive the photometric feature and background values. The photometric data calculated for all the spots were saved in a file.
In the next iteration, a set of microbeads labeled with individual types of QDs with emission maximum wavelengths ranging between 490 nm and 610 nm were manufactured and scanned in the fluorescence channels defined in the previous step. The mean and the standard deviation of the median feature values were estimated for each type of QD labeled microbeads in every fluorescence channel based on 200 sample spots. The optimal set of QD labels for the respective fluorescence channels was defined based on detection specificity. While the optical distinguishing between particles labeled with different single QDs was easily ( Fig. 4a-c) , the optical detection of multiple labeled particles required special combinations which can be derived from the Supplementary Table S3 .
By using four types of basic QDs, in total 14 types of QD labeled microbeads were manufactured ( Table 1 ). The method of unsupervised learning was used the task of microbead classification: density-based spatial clustering of applications with noise 20 . It employs the principle of density-based clustering: The objects closely packed in a given space are grouped together into a cluster, whereas the objects which are located in low-density regions are considered to be outliers. Figure 5 demonstrates DBSCAN clustering results on an expanded set of QD labeled microbeads. Three types of microbeads labeled with individual basic QDs were supplemented by four types of microbeads labeled with QD combinations. As can be seen from Fig. 5 , four additional clusters fit in well between the clusters of the mono-labeled microbeads. Moreover, each cluster of the multi-labeled microbeads is located between the clusters of the microbeads labeled with the corresponding basic QDs. Since each data point represents the microbead signal normalized for three fluorescence channels, the clustering problem becomes two-dimensional. To confirm this, one can see that all seven clusters are located on the major diagonal plane (F520 + F549 + F615 = 1).
After scanning all 14 microbeads in the corresponding fluorescence channels, the maximum number of microbeads resolved by DBSCAN was identified to be 11. The experiment was planned in such a way so that www.nature.com/scientificreports www.nature.com/scientificreports/ the types of the microbeads were known in advance. It enabled an estimation of the error rates of identifying the microbeads as outliers, as well as the error rates of identifying the microbeads as of another type (see Supplementary Table S4 ). As can be seen in Table S4 , the error rates of identifying the microbeads as outliers were significant and ranged between 0.5% and 6.7%. At the same time, the error rates of identifying the microbeads as of another type were relatively low (0.2%). The error rates could considerably decrease by improving the homogeneity of the QD labeled microbeads, by implementing an additional fluorescence filter, or by decreasing the number of microbead types. extraction and coupling of amino acids. The microstructured slide were functionalized with a thin copolymer layer of 10% poly(ethylene glycol) methacrylate (PEGMA) and 90% methyl methacrylate (MMA), respectively. The thickness of the functional layer ranged between 10 nm and 15 nm, whereas the surface density of the amino groups ranged between 1.5 nmol/cm 2 and 2.5 nmol/cm 2 21 .
The function of the microbeads as carriers of the amino acid derivatives is demonstrated in Fig. 6 . The microbeads were labeled with 580 nm QDs and loaded with Fmoc-glycine pentafluorophenyl ester (Fmoc-Gly-OPfp). After random deposition of the microbeads on the flat functionalized substrate, they were imaged in the fluorescence channel 580/14 corresponding to the emission maximum of the QD labels (Fig. 6a) . Thereafter, the amino acid derivatives were extracted from the microbeads and coupled to the functional layer of the substrate. After microbead removal, surface acetylation and Fmoc-deprotection, the coupled amino acids were fluorescently stained with DyLight 650 NHS ester dye. It made it possible to visualize the coupled monomers in the fluorescence channel 677/45 corresponding to the emission of the fluorescent dye (Fig. 6b) .
Each spot was characterized by two parameters that were derived from its cross-section profile measurement ( Fig. 6c,d) . In most cases, the spot profile could be approximated by a Gaussian function. The height of the background-corrected bell curve was treated as a spot signal and was considered proportional to the surface concentration of the coupled amino acids. The higher coupling yields were associated with stronger spot signals, provided that other factors remained the same. The coupling yield was estimated as the ratio between the spot signal and the reference signal associated with an excessive amount of monomers coupled from their solution in N,N-Dimethylformamide (DMF). Another characteristic value, the diameter of the amino acid spot, was assigned to the Full Width at Half Maximum (FWHM) of the background-normalized bell curve. The spot diameter defined the degree of amino acid diffusion during their extraction and coupling.
The extraction process took place in a saturated vapor of DCM. A special metal chamber was designed to facilitate the extraction process (Fig. S2) . It was made of stainless steel and included two polytetrafluoroethylene (PTFE) tanks for the liquid-state organic solvent. After adding 30 mL of DCM to the tanks, the chamber was kept closed for 30 min to achieve the equilibrium state. Thereafter, the substrates were inserted into the chamber for a certain period of time. After taking the substrates out of the chamber, the process was repeated several times to enhance the extraction of the amino acid derivatives from the microbeads. The subsequent coupling step was performed for 60 min at 90 °C. For this purpose, the substrate was placed into a coupling chamber, which was filled thereafter with argon and put in the preheated oven. After removing the coupling chamber from the oven, it was slowly cooled down to ambient temperature.
The duration of the amino acid extraction in the solvent chamber was optimized for microbeads containing 5% (w/w) of Fmoc-Gly-OPfp. Amino acid extraction was performed five times for the periods of 0.5 min, 1.0 min and 2.0 min each with intermediate pauses of 1 min. Thereafter, the substrate was placed in the oven and stained as described above. After fluorescence scanning, the mean spot signals and spot diameters were estimated (see Supplementary Table S5 ).
The data shown in Table S5 contradicts to the hypotheses that the longer extraction times result in higher coupling yields and larger spot diameters. Indeed, the mean spot diameter increases as the extraction period becomes longer, whereas the spot intensity gradually abates. The longer the substrate remains in the saturated gas atmosphere, the larger amount of organic solvent condensates at the contact point of the microbead to the surface. It enhances the swelling of the microbead, the release of the amino acid derivatives, as well as their diffusion over the functional layer. Due to their spreading over the functional layer, the surface concentration of the amino acid derivatives decreases, resulting in a lower spot intensity. In fact, the integral signal over the spot area, associated with the total amount of the extracted and coupled monomers, increases as the process duration becomes longer. Therefore, shorter process durations are preferable if the diameter of the amino acid spots ranges between 15 www.nature.com/scientificreports www.nature.com/scientificreports/ μm and 30 μm. The spot size constraints are due to the fact that the monomers, extracted from the microbeads, should homogeneously spread over the bottom of the microwell and not diffuse to the neighboring microstructures. This requirement was met in case the amino acid extraction period was 1 min.
In order to enhance the coupling of the amino acid derivatives, it was suggested to perform the extraction process multiple times for 1 min each. Microbeads with 5% (w/w) of Fmoc-Gly-OPfp were deposited onto several flat functionalized substrates, which were independently placed into the extraction chamber 3, 5, 7, 10, and 15 times for 1 min each with their intermediate removal for 1 min. The resulting mean spot signals and diameters were measured and listed in Supplementary Table S6 .
The initial hypothesis was that in each repetition, an additional amount of amino acids derivatives could be extracted from the microbeads, resulting in a higher coupling yield without considerable spreading of the monomers. The data shown in Table S6 indicates that the correlation between the spot signal and the number of process repetitions is more complex than the direct relationship between the spot diameter and the number of process cycles. By increasing the number of repetitions from 3 to 15, the spot diameter gradually increased from 15.3 μm to 30.1 μm, whereas the spot intensity first increased from 24.3•10 3 a.u. to 34.4•10 3 a.u. for 5 repetitions and then slowly decreased to 27.8•10 3 a.u. Starting from 5 repetitions, the spot signal decreased due to the fact the extracted amino acid derivatives diffused over a larger area defined by the spot diameter. In case of 3 repetitions, the amino acid extraction rate was not yet sufficient to result in a high surface density of the monomers. Hence, the optimum confinement of the amino acid derivatives within the microwells could be achieved by extracting the monomers 5 times for 1 min each.
The optimum extraction parameters were tested on microbeads with 5% (w/w) of Fmoc-Gly-OPfp deposited into the microwells of the microstructured functionalized substrate. Extraction of the amino acid derivatives was performed in the chamber with saturated DCM atmosphere for 1 min periods repeated 5 times with intermediate removal of the substrate for 1 min. The coupling, fluorescence staining and imaging were performed according to the standard procedures. The resulting fluorescence pattern is depicted in Fig. 7 . The filing rate of the microstructures was intentionally kept low to verify, whether the amino acid derivatives diffused to the neighboring microwells during extraction and coupling steps. The qualitative analysis of the fluorescence image indicates that the extracted amino acids were confined to the microwells, whereas their diffusion over the top surface was prevented. These results confirm that the parameters of the amino acid extraction optimized for the flat functionalized substrates were also suitable for the microstructured surfaces. The coupling efficiency after extraction was www.nature.com/scientificreports www.nature.com/scientificreports/ determined by comparing the fluorescent signals after staining free amino groups of glycine monomers coupled from particles and from solution on different parts of the same substrate. The coupling efficiency in the case of Glycine particles was 84% of the Gly coupling efficiency from the solution (see Supplementary Fig. S3 ).
In a similar way, the optimum extraction conditions were confirmed for all 20 types of microbeads carrying different proteinogenic amino acid derivatives. The microbead samples with the amino acid content defined in Table S1 were individually deposited into the microwells of the microstructured substrate. Amino acid extraction was performed in DCM chamber 5 times for 1 min each with intermediate removal of the substrate from the chamber for 1 min. The coupling, staining, and fluorescence imaging resulted in amino acid spots confined to the microwells of the microstructured substrate, which enabled us to conclude that the optimum extraction parameters were in general suitable for the stochastic patterning of proteinogenic amino acids.
Methods
Microbead manufacturing. 1 g of cross-linked PMMA microspheres (Spheromers ® CA10, Microbeads AS) was dispersed in 10 mL of DCM in a 20 mL vial. The vial with a cap was closed to prevent evaporation of DCM. The dispersion was gently stirred for 30 min to achieve swelling of the microspheres. Then, 100 μL of QD (PlasmaChem GmbH) solution in chloroform (2.5 mg/mL) was added and the dispersion was stirred in the closed vial for 30 min. Dispersion from the vial was replaced to a 25 mL beaker. 30 mL of acetone was added dropwise from a burette. The feeding rate was adjusted in such way that the liquid level remains constant (i.e. overcomes the evaporation rate of the solvents). Afterwards, 30 mL of ethanol was added dropwise from a burette and the feeding rate was adjusted in such way that the liquid level remains constant or slowly increases. After stirring, the microspheres sedimented onto the bottom. The supernatant was removed with a pipette. Then, 20 mL of ethanol was added and the dispersion was stirred for 2 min. After stirring, the microspheres sedimented. Again, the supernatant was removed with a pipette. This washing step with ethanol was repeated two times. The next washing step with acetone (20 mL of acetone, stirring time 2 min) was repeated two times.
To load the beads with a monomer, 4 mL solution of Fmoc-protected OPfp-activated amino acid (Merck KGaA, Bachem AG) in DCM was added to the beads. The mass concentration (%, m/v) of amino acid in the solution was adjusted for each type of monomer (see Supplementary Table S7 ). The dispersion was gently stirred until a paste-like medium was obtained. After stirring, the paste was dried out completely. The dry particle agglomerates were transferred to a falcon tube with 2 steel beads (Ø 5 mm) and milled using a vortex shaker until a fine powder was obtained. To store the powder in a freezer, it was placed into a falcon tube, filled with argon and sealed with Parafilm. coupling of Amino Acids fmoc deprotection. The microstructured substrate was functionalized with free amino groups according to the protocol 13 and before using washed in N,N-Dimethylformamide (DMF) for 5 min. Then, a solution of 20% (v/v) piperidine in DMF was applied for 30 min. Afterwards, the substrate was washed two times in DMF for 5 min each, two times in methanol for 3 min each and finally in DCM for 1 min. www.nature.com/scientificreports www.nature.com/scientificreports/ chamber for 1 min. Thereafter, the substrate was placed into the coupling chamber filled with argon. Afterwards, the coupling chamber was placed in the preheated oven for 60 min at 90 °C. The chamber was removed from the oven and cooled down to room temperature.
Microbead deposition and image acquisition.
Microbead removal. The substrate with microbeads was washed sequentially in a solution of 5% (v/v) MEA in acetone for 2 min, in acetone for 3 min, and in DCM for 2 min, each time in an ultrasonic bath. After washing, the substrate was dried and the microbeads removal rate was controlled using optical microscopy. capping free amino groups. After removal of microbeads, the substrate was washed in DMF for 5 min.
Then, 10 mL solution of 10% (v/v) acetic anhydrate and 20% (v/v) N,N-Diisopropylethylamine (DIPEA) in DMF was applied for 10 min at room temperature. This step was repeated with a fresh solution for 40 min at room temperature. Then, the substrate was sequentially washed two times in DMF for 5 min, two times in methanol for 3 min, and in DCM for 1 min. fmoc deprotection. The substrate was washed in DMF for 5 min. Then, 10 mL solution of 20% (v/v) piperidine in DMF was applied for 30 min at room temperature. The washing steps were carried out in DMF two times for 5 min each.
fluorescence Staining of terminal Amino Groups
The substrate with monomer patterns was washed in Phosphate Buffered Saline with 0.05% v/v Tween ® 20 (PBS-T) for 10 min and incubated in the staining solution of 5-(and-6)-Carboxytetramethylrhodamine Succinimidyl ester (TAMRA) or DyLight NHS 650 ester (Thermo Fisher Scientific) (1 mg/mL) in PBS-T in dilution of 1: 10 000 for 2 h in the dark. Then, the substrate was consequently washed two times in PBS-T for 3 min each, in 'ultrapure' water (Milli-Q) for 1 min, two times in DMF for 5 min each, two times in methanol for 3 min each and in DCM for 1 min.
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